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Abstract
The use of electrodeposited PdNi-Si Schottky barriers as low power Hydrogen sensors is investigated. The Palla-
dium content of the film causes the Hydrogen molecules to dissociate and be absorbed by the film, changing the metal
work function and Schottky barrier current. In this work we show that electrodeposited Pd(Ni)-Si Schottky barriers
exhibit very low reverse bias currents compared to evaporated Schottky diodes. The Schottky diodes were fabricated
on 0.5-1.5 Ω.cm 〈100〉 n-type Si by electrodeposition of PdNi followed by evaporation of Aluminium contact pads.
Electrical measurements at different Hydrogen pressures were performed on back to back Schottky diodes in a vac-
uum chamber using pure Nitrogen and a 5% Hydrogen-Nitrogen mixture. Very low currents of ≈ 1nA were measured
in the absence of Hydrogen. Large increases in the currents, upto a factor of 100, were observed upon exposure to
different Hydrogen partial pressures. A back to back configuration forms a device that draws extremely low power
when idle. The low idle current, simplicity of the fabrication process and ability to easily integrate with conventional
electronics proves the suitability of electrodeposited PdNi-Si Schottky barriers as low power Hydrogen sensors.
Keywords:
1. Introduction
Hydrogen sensors are crucial to enhancing safety in Hydrogen production, storage, transport and use. Leak de-
tection is important in Hydrogen transport and storage, especially as Hydrogen can embrittle storage containers and
lead to explosive leaks. Hydrogen is also actively being considered as an energy source of the future, with fuel cells
being investigated for use in electric vehicles and for portable devices. Widespread acceptance of Hydrogen for such
personal applications is dependent on adequate safety features, of which leak detection is of paramount importance.
Other applications for Hydrogen sensors are in furthering scientific research. A large area of research is focussed
on the study of deep sea Hydrothermal vents and such studies require continuous monitoring of venting fluid chem-
istry, especially for gases like Methane, Hydrogen and Hydrogen sulphide. The technology and devices for in situ
Methane [1, 2] and Hydrogen Sulphide sensors [3] have been described in the literature but the lack of a robust,
low power, high sensitivity Hydrogen sensor [4] capable of functioning in adverse deep sea conditions limits the
monitoring capabilities of such research projects.
Solid state gas sensors are of interest due to their simplicity and their compatibility with allied electronic systems.
They usually employ metals such as Pd or Pt as these metals catalyse the dissociation of Hydrogen molecules into
atoms, which then diffuse into the metal film and modify their physical and electrical properties, which can then be
sensed. In the case of Pd, after dissociation of the Hydrogen molecule, the electrons from the Hydrogen atoms are
delocalised and occupy the 4d and 5s electrons of the Pd metal [5]. The additional electrons raise the Fermi level
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energy of the Pd, reduce the metal workfunction and consequently lower the Pd-Si Schottky barrier height. The
lowering of the barrier height causes an increase in current that can be sensed to measure the quantity of Hydrogen.
In addition, the dissolution of Hydrogen causes the resistivity [6] and volume [7] of the Pd film to increase and both
these effects have been used as sensing mechanisms. The solid state Hydrogen sensors based on resistivity change
in Pd/Pd-alloy [6, 8, 9] films draw currents in the microampere to milliampere range, and are therefore not very
power efficient. Those that sense current changes in Pt/Pd-semiconductor Schottky barriers [10, 11, 12, 13] consume
significantly lower power. However, their fabrication involves the use of vapour deposition techniques requiring high
vacuum and energetic electron beams. Additionally the substrates used in their fabrication were GaN and ZnO, which
are not as extensively used in electronics as Si.
In this paper, a Hydrogen sensor based on electrodeposited PdNi-Si Schottky barriers is presented. Electrodeposi-
tion is a simple table top process that requires neither vacuum conditions nor high energy electron beams and the use
of Si as a substrate is advantageous due to its widespread use in the semiconductor industry. It has been previously
shown [14] that electrodeposited PdNi alloys form Schottky barriers with extremely low reverse bias currents. In
addition, studies have shown that alloying Pd with Ni suppresses an irreversible phase change at higher Hydrogen
concentrations that occurs in pure Pd [9]. It is therefore possible to obtain an extremely low power, selective and
resilient Hydrogen sensors based on PdNi-Si Schottky diodes.
2. Fabrication
The critical step in the fabrication of this sensor is the use of electrodeposition as a metallisation technique [15].
Electrodeposition is a process in which a metal is deposited onto a substrate by passing an electrical current through
a solution of the metal salt (electrochemical bath) with the substrate acting as the cathode. The applied electric field
causes positively charged metal ions to migrate to the cathode, where they get reduced and are deposited on the
cathode’s surface. Alloy depositions are accomplished by using an electrochemical bath of two metal salts, whose
concentrations are adjusted so as to obtain a potential range where both metals will get deposited [16]. The electrode-
position of PdNi alloys was done by using the recipe for an electrochemical bath from Ref. [17]. To characterise the
electrodeposition process, three baths (Ni-only, Pd-only and PdNi) were prepared as shown in Table. 1. The electrode-
Table 1: Concentrations of components in the three solutions prepared for each combination of Ni and Pd salts.
Components Ni bath (g/L) Pd bath (g/L) PdNi bath (g/L)
NiSO4.6H2O 44.40 0 44.40
Pd(en)Cl2 0 11.1 11.1
(NH4)2SO4 16.70 16.70 16.70
NH3(35%) 45 ml/L 45 ml/L 45 ml/L
position process was characterised using 0.5 cm2 chips of 0.5-1.5 Ω.cm, 〈100〉 n-type Silicon as the cathode. Cyclic
voltammetry (CV) curves were found for each of the three baths by cycling the deposition potential from 0 V to -3 V
and back while measuring the current. A high potential pretreatment pulse was initially applied and subsequently, the
PdNi film was electrodeposited using a potential such that the deposition current density was in the 3 − 5 mA/cm2
range. The pretreatment pulse promotes nucleation on the Silicon surface and improves film adhesion and uniformity
by providing a large number of scattered anchor points on the Silicon surface. The subsequent deposition at lower
potentials tend not to form islands but grow the film by depositing metal onto previously existing islands. The current
density of 3 − 5 mA/cm2 was chosen because densities outside this range adversely affected the film quality, yielding
discontinuous and brittle films.
The currents measured during the cyclic voltammetry measurements of the individual Ni and Pd baths can be used
to predict the composition of the film deposited at different potentials using the PdNi bath. By assuming that the
individual chemical reactions leading to Pd and Ni deposition from the PdNi bath are independent, the nominal value
of the film composition was calculated using the formula
NiNom =
INi(Vd)
INi(Vd) + IPd(Vd)
(1)
A.R. Usgaocar et al. / Sensors and Actuators B 00 (2011) 1–9 3
Where INi(Vd) and IPd(Vd) are the currents measured in the Ni-only and Pd-only baths at a deposition potential
Vd, extracted from the cyclic voltammetry curves as shown in Fig. 1(a). The composition of the film deposited at
Vd was then measured using energy dispersive X-Ray (EDX) spectroscopy at multiple points on the deposited film
and averaging the measured Ni content . Fig. 1(b) compares the nominal and EDX measured compositions of films
deposited from the same PdNi bath at different deposition potentials. Good agreement between the nominal and
experimental values of the atomic Ni fraction is observed. The accuracy of the prediction is higher for potentials
more negative than -1.2 V because both metals start to deposit in this potential range. Fig. 1(b) illustrates that a
wide range of Ni concentrations can be obtained from a single electrochemical bath simply by varying the deposition
potentials. In addition, all EDX measurements reported the presence of Ni, Pd and Si within the spot size of about 1
µm2 and showed low variation in their concentrations at different points on the film. These observations show that the
co-deposition of Ni and Pd results in an alloy and that the film thickness is uniform over the deposited area.
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Figure 1: (a) Section of cyclic voltammetry curves for Ni-only and Pd-only baths illustrating extraction of individual bath currents at a particular
deposition potential. (b)Nominal and EDX measured Ni atomic fractions in films deposited at different potentials from a 44.4 g/L NiSO4.6H2O
and 11.1 g/L Pd(en)Cl2 bath.
The sensors were fabricated on a 2-inch, 0.5-1.5 Ω.cm, 〈100〉 n-type Silicon wafer. The wafer was cleaned by
a 2 minute dip in fuming Nitric acid (FNA) followed by rinsing with deionised (DI) water. A 50 nm thermal oxide
layer was grown to act as the insulating layer for the second metal layer in the device. The oxide layer was patterned
using photolithography and the exposed oxide was etched by a 20:1 Hydrofluoric acid (HF) etch. The entire wafer
was immersed in the PdNi electrochemical bath and a 50 nm PdNi film was electrodeposited into 70 µm× 20 µm
rectangles at a deposition potential of -0.8 V on the exposed Silicon surface to form the Schottky diodes. As seen
from the experimental data in Fig. 1(b), this film contains about 29% Ni. A second photolithography step was used
to pattern the substrate for contact pads and wires, which were formed by evaporating a 100 nm Al layer. The excess
Al was lifted off using Acetone and the sample was cleaned with Acetone and Isopropyl Alcohol (IPA). An image of
the finished device as seen through an optical microscope is shown in Fig. 2(a) with Aluminium wires and contact
pads marked. Any two Schottky diodes in Fig. 2(a) can be used in a back to back configuration for sensing Hydrogen.
In this study, Schottky diodes directly opposite each other were chosen as a sensor device. All the Schottky diodes
were fabricated to have the same area, but the separations between Schottky diodes directly opposite each other and
the overlaps with the Aluminium wiring were varied. The length of the exposed PdNi film, denoted by L and shown
in Fig. 2(a), was used to investigate the effect of differences in exposed PdNi film areas on the sensor characteristics.
The value of L varied from 55 µm to 10 µm.
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Figure 2: (a) Structure of the chip with Pd0.71Ni0.29 Schottky barriers. The Pd0.71Ni0.29 Schottky diodes, Al wires and parameter “L” denoting
exposed length are marked. (b) Electrical characteristic of an individual Pd0.71Ni0.29 Schottky diode.
3. Results and Discussions
The I-V characteristics of the fabricated Schottky diodes were measured using an Agilent 4155C semiconductor
parameter analyser and a DC probe station. The parameters of the Schottky barrier were extracted using the standard
method of applying a linear fit to the low forward bias region (0.1 V to 0.3 V) of the I-V characteristics and considering
the model of a Schottky barrier shown in Eq. 2 [18].
I = Is(exp (qV/ηkT ) − 1) (2)
Where I is the current, Is is the reverse saturation current, V is the applied potential, η is the ideality factor, k is the
Boltzmann constant and T is the temperature. The electrical characteristics of a single Schottky diode are plotted in
Fig. 2(b) and shows that the PdNi-Si Schottky barriers have extremely low reverse bias currents and about 6-7 orders
of magnitude difference between on and off currents. The Schottky barrier height for all the devices on the chip shown
in Fig. 2(a) was estimated to be between 0.66-0.68 V with ideality factors between 1.11-1.19, showing that thermionic
emission is the primary mechanism for conduction in the Schottky diode.
To measure the response to gaseous Hydrogen, the chip was placed inside the vacuum chamber of a Lakeshore
EMTTP4 probe station and the chamber was evacuated to a pressure of ≈ 1.5 × 10−2 mbar. Nitrogen was introduced
to a base pressure of 0.3 bar and the sensor was allowed to settle for 5 mins. A mixture of 5% Hydrogen in Nitrogen
was then introduced in steps of 0.1 bar till the chamber pressure was a total of 1 bar. This is equivalent to introducing
5 mbar gaseous Hydrogen at each step as the Hydrogen-Nitrogen mixture has 5% Hydrogen by volume. The back
to back Schottky barrier response was measured by applying a bias of 1V and measuring the change in current with
time at 278 K using an Agilent 4155C semiconductor parameter analyser. The sensor current increased rapidly on
introduction of gaseous Hydrogen and took a long time (≈ 40min) to saturate. All the devices on the chip were
measured at each pressure and the devices were allowed to rest 40 minutes before measurement so that they achieve
their steady state currents. Even after a settling time of 40 minutes, the current still had a small positive slope
which would contribute to the currents of devices with additional exposure to Hydrogen before measurement. To
compensate for this slope, the time between the introduction of Hydrogen and the start of measurement for each
sensor was recorded. The sensor that was measured first was then measured again after all other sensors on the chip.
From these two currents measured from the first sensor, the increase in current during the measurement of the entire
set of sensors can be found. By assuming the increase to be linear with time and using the delays between Hydrogen
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Figure 3: (a) Electrical characteristics of Pd0.71Ni0.29 back to back Schottky diodes for different Hydrogen pressures. (b) Dependence of the current
measured in three different devices with Hydrogen gas pressures. The lines show the fits of the equation I = K pn to the datapoints where K and n
are fitting parameters.
introduction and the start of measurement for each sensor, the component of each sensor’s current that arose from
additional Hydrogen exposure can be found. The rate of current increase was calculated to be about 6 pA/s and the
largest current compensation required for a sensor was 22 nA. The sensors that required such large compensations
exhibited currents greater than 150 nA. For the purposes of this study, the current compensation therefore did not add
significant value to the obtained results. In order to simplify subsequent measurements, the device data was measured
and is presented without compensation. Fig. 3(a) shows the current changes in the back to back Schottky diode device
exposed to different Hydrogen pressures. The low current values in the absence of Hydrogen (1-2 nA) over the entire
potential range shows that the back to back architecture restricts the current flow by always maintaining one device
in reverse bias. On exposure to Hydrogen the modification of the PdNi work function changes the Schottky barrier
at the interface and causes a large change in current of about two orders of magnitude. The changes for subsequent
Hydrogen pressure increases are smaller and at higher pressures the current starts to saturate. Fig. 3(b) shows the
dependence of device current at a potential of 1V on Hydrogen pressure in three measured devices. The plot shows
the initial large increase and the saturation of the current at higher pressures.
The current through the sensing device is basically the reverse bias current of one of the Schottky barriers and the
change in the barrier height can be estimated from the reverse saturation current of a Schottky barrier, given by the
formula
Is = −AA∗T 2 exp
(qφB
kT
)
(3)
where A is the area of the metal-semiconductor contact, A∗ is the Richardson constant, T is the absolute tempera-
ture, q is the electronic charge and φb is the Schottky barrier height. The change is estimated by calculating the ratio
of the currents before and after exposure to Hydrogen.
IS 1
IS 2
= exp
[−q(φB1 − φB2)
kT
]
(4)
where IS 1, φB1 are the current and the Schottky barrier height before exposure to Hydrogen and IS 2, φB2 are the
current and Barrier height after Hydrogen exposure. Using Eq. 4 the change in the Schottky barriers for the devices
plotted in Fig.4(a) was calculated to be between 80-117 mV at 10 mbar Hydrogen pressure and between 91-126 mV
for 20 mbar Hydrogen pressure.
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Fig. 3(b) shows that the current through the device always remains lower than 1µA and the sensor therefore
draws low power even in the presence of Hydrogen. This low power consumption over the entire range of measured
Hydrogen makes the sensor useful for systems with power constraints.
The dashed lines in the graph denote the fit of the datapoints using the equation I = K pn, where I is the current, p is
the Hydrogen partial pressure and K and n are fitting parameters. The values of the fitting parameters are summarised
in Table 2 and it is seen that the values of n are close to 0.50 as expected from Sievert’s law, which states that at low
concentrations, the Hydrogen dissolution in Pd is proportional to the square root of the Hydrogen partial pressure in
the ambient [19, 20]. The closeness of the exponent n to 0.50 suggests that change in current through the PdNi-Si
Schottky diode is proportional to the concentration of Hydrogen in the metal film. Similar results were observed in
investigations of the resistive change of Pd films [20] and with Pd gate MOSFETs [21] used for Hydrogen sensing.
The sensitivity of the sensor was calculated as the instantaneous slope of the power law data fits shown in Fig. 3(b).
Table 2: Fit parameters for data shown in Fig. 3(b) and calculated sensor sensitivity at Hydrogen pressure of 1 mbar. The sensitivities are calculated
as the instantaneous slope of the fit equations. The sensitivity is highest at low Hydrogen pressures and decreases at higher pressures.
L K n Sensitivity (1 mbar)
µm nA/(mbar)n nA/mbar
50 18.20 0.61 11.10
45 22.49 0.55 12.37
10 58.10 0.52 30.21
As expected, the sensitivity of the sensor is high at low pressures and reduces at higher pressures. Table 2 includes
the sensitivity calculated as the slope of the power law data fit curves at a pressure of 1 mbar.
Fig. 4(a) shows the measured currents in the sensor device as a function of the exposed length of the PdNi film for
different pressures. The effect of having part of the film protected and part exposed is to form two parallel Schottky
barriers, with the exposed area having a Hydrogen modified workfunction and the protected area having an unchanged
workfunction. The Hydrogen then diffuses through the film and over time results in a single Schottky barrier wherein
the entire film has a Hydrogen modified work function. If the lateral diffusion time through the PdNi film is much
higher than the vertical diffusion time, the change in current can be expected to be positively correlated with the
exposed length of the sensing element. However, Fig. 4(a) shows an inverse relationship between exposed length and
measured current. This can be explained by the fact that the devices are allowed to rest for 40 minutes so that they
achieve their steady state currents. Using the value for the Hydrogen diffusion constant (DH = 3.8 × 10−11m2/s) as
measured by Flanagan and Oates [19], it can be calculated that the Hydrogen should diffuse through a 50 µm film in
about 30 s. While this time may be higher for PdNi alloys and may also depend on the microstructure of the film,
it is still significantly lower than the 40 min settling time used in this experiment. It can therefore be concluded that
the Hydrogen diffuses through the entire PdNi film during the settling time and the sensor response is due a single
PdNi-Si Schottky barrier that has been modified by the action of Hydrogen. The different exposed lengths therefore
do not affect the final sensor current, which is influenced only by the change in the PdNi-Si Schottky barrier height.
Fig. 4(b) shows the increase in sensor current with time when three devices with different exposed PdNi film areas are
exposed to gaseous Hydrogen. As discussed, the final current measured in the sensors is independent of the exposed
PdNi area. However, the sensors with the larger exposed area are expected to have a higher rate of current increase
as they offer a larger area for the Hydrogen gas to dissociate before absorption into the film. Fig. 4(b) shows, as
expected, that the devices with larger exposed PdNi films have higher rates of current increase.
Changes in the chamber pressure caused large probe movements and usually resulted in a loss of electrical contact
with the devices shown in Fig. 2(a). This caused the loss of measured data immediately after a pressure change while
the electrical contact was re-established. To examine the transient response to multiple pressure changes, previously
fabricated 50 nm thick Pd0.33Ni0.67-Si Schottky barriers with large area (2 mm2) and large Al contacts (≈ 0.5 cm2)
were measured at different Hydrogen pressures. The transient characteristics are depicted in Fig. 3. At the onset,
the vacuum chamber was pressurised with 0.4 bar Nitrogen and 5 mbar of Hydrogen was input at around 3 minutes.
The current in the presence of Nitrogen remained between 21.8 and 22.6 nA. A rapid increase in current is observed
in response to Hydrogen. After allowing the device to settle for 60 minutes, additional Hydrogen and Nitrogen was
input into the chamber and the measured responses are depicted in Fig. 5(b). The arrows mark the times when the
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Figure 4: (a) Dependence of device current on the exposed length of the Pd0.71Ni0.29 sensing element. (b) Rates of current increase for three devices
with different exposed PdNi areas on exposure to Hydrogen gas. The variable “L” is the exposed length of the sensing element. Devices with larger
exposed areas show a faster increase in current than the ones with smaller exposed areas.
Hydrogen and Nitrogen pressures were increased by 5 mbar. The sensor shows a response to additional Hydrogen
but no significant response to Nitrogen is observed, showing that the sensor is selective to Hydrogen compared to
Nitrogen. While only two gases were tested, the sensor is expected to have high selectivity because the working
principle is the catalysis of Hydrogen dissociation on the PdNi surface and therefore the effect of other gases should
be low. The chamber is evacuated at 38 minutes as shown in Fig. 5(b) and the current is observed to decay to about
1 µA in 20 minutes. This value is significantly higher than the initial baseline and shows that the sensor recovery is
slow. The sensor was found to revert to the pre-measurement baseline after exposure to air overnight. It has been
reported that the dissolution of Hydrogen in Pd is reduced at higher temperatures [5, 20] and therefore heating the
sensor may improve the speed of saturation as well as recovery, albeit with smaller current changes. Additionally, it
may be possible to improve the response speed by using better cleaning techniques to remove any grease from the
PdNi surface and thereby increase Hydrogen absorption and release.
4. Conclusions
The fabrication and characterisation of a Hydrogen sensor based on back to back Pd0.71Ni0.29 electrodeposited
PdNi-Si Schottky diodes is presented. The sensor is small in size, has an extremely low idle current and exhibits a
large percentage change in current on exposure to gaseous Hydrogen. Despite this large percentage change, the current
was observed to be less than 500 nA over the measured Hydrogen pressure range. The sensor shows selectively
responds to Hydrogen compared to Nitrogen and since the current change is due to dissociation and absorption of
Hydrogen into the PdNi film, the sensor is expected to be selective to Hydrogen compared to other gases. The use of
electrodeposition in the fabrication of the Schottky diodes considerably reduces the complexity and cost of the PdNi
alloy fabrication as compared to standard metallisation processes like evaporation and sputtering. Fabrication of the
sensor on a Silicon substrate also makes for easier integration with allied electronics. These characteristics make the
described Hydrogen sensor extremely useful for measuring low values of Hydrogen pressure and in systems where
power consumption of the sensor is a primary concern.
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Figure 5: Transient response of a large area Pd0.33Ni0.67-Si Schottky barrier sensor. (a) Response to single 5 mbar pressure step increase of
Hydrogen on 0.4 bar Nitrogen base pressure. (b) Response of the sensor to multiple pressure changes in Hydrogen and Nitrogen followed by
eventual evacuation. The arrows mark times where the Hydrogen and Nitrogen pressures are increased by 5 mbar.
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